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ABSTRACT. The lymphatic system is a complex organ system that is essential in regulating the
development of host immune responses. Due to the complexity of the lymphatic system and the
existence of few in vitro models that replicate human lymphatic vessels, there is a need for a

primary cell based lymphatic model that can provide a better understanding of the effects of flow



parameters, therapeutics, and other stimuli on lymphatic vessel behavior. In this report, a fluidic
device models the cyclical lymphatic flow under normal and diseased conditions. The device
utilizes a pumpless design, operating with gravitational forces to simulate normal conditions with
a shear of 0.092 Pa (0.92 dyn/cm?) as well as disease conditions with increased shear of (0.67 Pa,
6.7 dyn/cm?). The cyclical pumping present in lymphatic vessels is replicated by applying shear
stress for a period of ten seconds multiple times per minute. Primary human lymphatic endothelial
cells (HLECs) cultured in the device for ten days produce less interleukin 8 (IL-8), and tumor
necrosis factor alpha (TNF-a) per cell than cells cultured under static conditions. The results are
consistent with previously published in vivo measurements, indicating that the fluidic device
mimics conditions for IL-8 and TNF-a expression well. Data obtained with the devices also
indicate that primary human lymphatic endothelial cells proliferate faster under high shear than

under low shear conditions.

1. INTRODUCTION

The lymphatic system is designed to clear the body of toxins and foreign substances. It
does so primarily through the circulation of lymph fluid that picks up immune cells in the lymph
nodes and distributes them throughout the body.! The lymph-mediated immune response can be
an important tool when treating cancer,>* but the presence of tumors close to lymph nodes can
disturb lymphatic function. Tumors that grow nearby and drain into a node can metastasize there
5-10 and increase the flow in lymphatic vessels. Metastatic tissue that already grows inside a lymph
node can decrease lymphatic flow.!! A tumor-related increase in flow causes heightened

expression of ICAM-1, which can lead to additional metastatic growth,'? and reduction of lymph

flow due to a tumor causes increased expression of tumor necrosis factor alpha (TNF-a) and



interleukin 6 (IL-6),"* two cytokines that are known to reduce contraction and pumping in the
lymphatic system.'* Furthermore, a correlation between TNF-a and IL-8 levels has been identified

in breast cancer patients.'*

Flow in human and mammalian lymph nodes is unidirectional due to a complex valving

15718 ensuring that lymph travels only from the afferent to the efferent lymphatics. Lymph

system
node shear values of up to 1.2 Pa (12 dyn/cm?) have been reported in rodents!®, and computer
simulations have predicted shears of up to 0.6 Pa (6 dyn/cm?) in human lymph nodes?’. Other
studies have reported peak shear stresses of up to 0.8 Pa (8 dyn/cm?) for rodent lymph nodes?!.
Under edemagenic conditions, shear stresses of up to 4 Pa (40 dyn/cm?) have been reported in rat
lymphatics®. Additionally, flow in the lymph nodes is not continuous, but rather is marked by

contractile pumping. Lymphatic vessel pulsing frequencies in mice have been reported in the range

of approximately five to eight contractions per minute'*.

Because the lymphatic system is intimately involved in the immune response, which in turn
can be a vital part of treating cancer’*, human-based lymph node flow models will allow us to
systematically probe the role of lymph flow on these processes. Current in vitro models of lymph

24-28

nodes primarily use 2D cultures, and the models often utilize human dermal lymphatic or

microvascular endothelial cells?*27-2

under low-shear conditions'??*, Microfluidic tissue-chip and
organ-chip models have recently gained increasing interest as potential alternatives to traditional
in vitro culture models, allowing for more accurate recapitulation of physiologically relevant
flows***8. Here, we have developed a microfluidic device that produces a pulsatile flow pattern as

seen in lymphatic vessels, and with shears that mimic healthy conditions (low shear), or disease

conditions (high shear or no shear). We have used our devices to culture primary human lymphatic



endothelial cells (HLECs) for up to ten days, producing a healthy endothelium under low shear

conditions, and an endothelium with elevated TNF-a and IL8 production under static conditions.

The device design uses gravity-driven flow, can be used for a wide range of shears, and
uses only unidirectional flow. The use of gravity-driven flow provides the ability to obtain the
desired shear stresses without the need for an active pumping mechanism. This design allows for
the simultaneous operation of multiple devices, thereby reducing the cost of adopting such tissue-
on-a-chip technologies. We achieved gravity-driven flow by placing our devices on periodically-
rotating platforms, which were developed in-house. The use of unidirectional flow serves as a

physiologically accurate mimic of flow in the lymphatic system.

2. RESULTS AND DISCUSSION
2.1 Device Design

Our microfluidic device design utilizes two halves which are connected by hemispherical
reservoirs for the addition and removal of culture medium (Figure 1A-B). Each half of the
device is composed of a larger channel to generate a high flowrate, followed by two smaller
channels with reduced width and height to take advantage of conservation of mass to
achieve higher flow velocities. Channel heights of 750 um and a width of 5.5 mm were
utilized for the larger channels, and heights of 350 pm and widths of 1.75 mm were utilized
for the smaller channels. Flow occurs only on one side of the device at a time, and only in
one direction (Figure 1C). When the device is rotated 180°, flow occurs on the other side
of the device. To obtain unidirectional flow in the devices, we combined hemispherical

inlet and outlet wells with channels of sizes that create strong capillary forces. When the



device is placed at an angle, the hemispherical inlets and outlets allow for the cell culture
medium to create a pressure head in only one side of the device at any given time. While
medium flows through the channel on that side, cell culture medium in the channel of the
other side is held inside that channel by capillary forces. (Here, it is important to note that
the surface of the inlet and outlet must be entirely free of any creases or wrinkles that could
result in upward capillary flow within the reservoirs. We achieved this by using smooth
marbles as PDMS molding material.) The device we developed takes advantage of
capillary-based valving mechanisms, similar to previous reports.®® The unidirectional flow

behavior of an example device can be observed in Supplementary Video 1 and Figure S1.

The shear generated within the device was calculated using:
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Where umax 1s the maximum velocity, # is the dynamic viscosity, and /4 is the channel height. The
average velocity for the large and small channels was calculated using the volumetric flowrate
measured when the device was placed at a 45° angle on the rotating platform, along with the
channel dimensions. The average flowrate was determined to be 2.86 mL/min = 0.14 mL/min for
the devices, corresponding to an average flowrate of 1.43 mL/min in the small channels. The
average velocities calculated from these average flowrates were used in place of umax to determine
the average shear stresses. When placed at an angle of 45° on the rotating platform, the device
obtains average shear stresses of 0.67 Pa (6.7 dyn/cm?) in small channels and 0.092 Pa (0.92

dyn/cm?) in larger channels. A dynamic viscosity of 1000 Pa*s was utilized for all calculations.



2.1.1. Rotating Platform and Device Fabrication

The rotating platforms (Figure 1D) were 3D-printed and make use of an Arduino
microcontroller and basic circuitry to rotate 180°, hold the position for 10 s, and then rotate
another 180°. The platform base remains stationary, while the platform rotor position can
be set to angles between 0° and 90° to control the flowrates and resulting shear stresses in
the device. Devices were fabricated using three layers of PDMS (Figure 1E). A detailed
description of the fabrication process is provided in the experimental section. Photographs
of the 3D-printed rotating platform and devices on the rotating platform are shown in

Figure 1F.
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Figure 1. Device design. (A) A combined inlet/outlet well allows for liquid to flow from one side
of the device into the other side of the device. Wide and tall channels allow the device to achieve
a high flowrate and allow for the growth of cells under low-shear conditions. Shorter narrower
channels allow for growth of cells under a higher shear condition. (B) Fabricated device filled with
a solution of fluorescent molecule, visualized under a 365 nm ultraviolet lamp. (C) Red arrows
and ‘x’ indicate presence and absence of flow respectively. Unidirectional flow is achieved by
having flow on only one side of the device at a time. Purple arrow indicates direction of 180°
rotation of platform to achieve flow on other side of device. g indicates gravity. (D) 3D model of
rotating platform on which devices are placed. Red arrow indicates adjustable positioning of
platform angle. Yellow arrow indicates direction of platform rotation. These two types of motion
occur in different planes. (E) Cross-section view of device fabrication. i. A 3D-printed mold is
obtained. ii. A layer of PDMS is cured onto the mold. iii. Marbles are placed over the desired



location of inlet and outlet wells. iv. A second layer of PDMS is added and cured onto the mold.
v. The marbles are removed, retaining the well feature of the device. vi. The device is separated
from the mold, holes are punched in the inlet and outlet wells, and the device is sealed with a
PDMS backing. (F) Photographs of the fabricated 3D-printed platform and devices on the
platform. Rotating platform without any devices (left), and with a device placed at an angle (center,
right).

2.2 Long-term culture of primary human lymphatic endothelial cells.

Primary human lymphatic endothelial cells were grown in the microfluidic device for ten days. In
the wider channel section, the cells experienced a shear of 0.092 Pa (0.92 dyn/cm?), and in the
narrow channel section, the cells experienced a shear of 0.67 Pa (6.7 dyn/cm?). The lower shear
condition mimics flow conditions expected under healthy physiologic conditions,?’ and the higher
shear condition mimics flow conditions present when non-metastatic tumors grow nearby'!. Like
in the human body, the shear created with our device also periodically increases and decreases.
Lymphatic vessel pulsing frequencies in mice have been reported in the range of approximately
five to eight contractions per minute,'? and each side of our device undergoes three on-off cycles
per minute (each 180 degree rotation takes approximately one second and is followed by a

stationary ten seconds before the next rotation).

We also cultured cells in devices under static conditions, where no shear was applied.
Different to typical static cultures, however, our culture was done inside the microfluidic channel
to mimic static conditions that exist in cases where the tumor growth burden at a lymph node is so
large that lymphatic flow decreases below normal values as found by Proulx et al'!. Different to
typical static cultures, this condition also implies that nutrient and waste exchange in the
microfluidic vessel occurs mostly via diffusion. A summary of the approximated average flow
conditions is provided in Figure 2. These values do not represent the exact flow profiles

experienced within the devices, but rather approximations based on the average volumetric



flowrate measured for the devices. In reality, the exact flow profile in “on” periods would begin at
a slightly higher shear value as a result of the high initial pressure head caused by the height of the
medium in the inlet well. A reduction in shear would then occur steadily during the remainder of
each “on” period, as a result of the decrease in pressure head caused by a reduction of medium

height in the inlet well.

Cells cultured both under static and dynamic conditions were imaged with bright-field and
fluorescence microscopy after five and ten days of cell culture. Confluence of cells increased with
time under all conditions (Figure 3A), but cells under shear formed uniform monolayers without
gaps between cells, while cells under static conditions did not appear to reach full confluence
throughout all parts of the channels. Immunostaining of PECAM/CD31 adherens junctions
(Figure 3B) conducted on the cell cultures confirms this finding and illustrates the development
of adherens junctions throughout the cell layer under low and high shear, and in all areas populated
by cells under static conditions. The images also show that shear alters the cell shapes from a
rounded shape to a more elongated shape which aligns with the direction of flow. This result is
consistent with what we and others have found with human umbilical vein endothelial cells grown

under cyclical fluidic flow®.
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Figure 2. An approximation of average flow conditions simulated within devices. Note that the
exact shear in each part of the device will experience variations in time due to the changing
pressure head caused by changes in the height of medium at the inlet well as flow occurs. The use
of static, low shear, and high shear conditions allows for the simulation of both normal and
diseased lymphatic conditions. Expected shear profiles depict the cyclic nature of shear exerted on
the devices, with each side of each device experiencing multiple on-off cycles per minute.
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Figure 3. (A) Bright-field images 5 days and 10 days into cell culture experiment. Red arrows
indicate direction of flow. Cells in static devices appear irregularly oriented, while cells in devices
with flow appear to align with the direction of flow. Images are representative of observations of
8 devices (flow condition) or 7 devices (static condition). (B) PECAM/CD31 adherens junction
staining of cells grown in devices for 10 days. Cells grown under all conditions continue to express
PECAM/CD31 on their surfaces, while those grown under shear flow align with the direction of

flow. Green color represents PECAM/CD31, red color represents the nuclear counterstain. Images
are representative of observations of 3 devices for each condition (static or with flow).

PECAM/CD31
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2.3. Cells exposed to shear had higher viability than those grown under static conditions.

Live-dead staining determined that cells grown in both the static and flow conditions had a viability
of greater than 80 % (Figure 4A-B). However, cells grown under high shear had a significantly
higher viability than those grown under static conditions (Figure 4B). Future experiments with
standard static cultures without use of microfluidic devices will allow for further comparison and
evaluation of the viability measured with cells grown under static conditions within microfluidic
devices. There was no significant difference between viability of cells in the low-shear and high-
shear conditions. This confirms that the presence of flow plays an important role in delivering
factors such as nutrients, intercellular signals, or mechanical cues to the cells, although these

experiments do not identify the specific mechanisms by which flow affected the cells.

2.4. Cell count increased and size decreased with shear.

In addition to the changes in cell viability, the cell count per unit area increased with increases in
shear (Figure 4C). The cell count was highest at 0.67 Pa, and lowest under static conditions. Under
static conditions, the lower cell count can be partially attributed to gaps in the cell layer, but the
difference in cell count between the low shear and high shear conditions was due to a difference
in cell size. Indeed, under both high-shear and low-shear conditions, the monolayer was complete
without uncovered surface area. In conjunction with this, cell major axis length distributions, cell
minor axis length distributions, and cell area distributions were found to relate to the cell count
(Figure 4D). The lower cell count in the static culture condition corresponded with longer major
and minor axis lengths and a greater cell area, while the distribution of these measurements shifted

towards lower values for each of the higher shear conditions. These findings indicate that the
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application of shear, as well as the magnitude of shear applied may influence the propagation of

primary human lymphatic endothelial cells.

As noted above, the presence of gaps in the cell layer under static conditions was observed. These
gaps were primarily observed in the smaller channels, and are likely the result of multiple factors.
First, the smaller channel height would lead to the presence of a smaller ratio of media volume to
cell growth area in the smaller channels. In the presence of flow, this would not be a concern since
the media would be regularly circulated throughout the device. However, under static conditions,
this can lead to a restriction on the delivery of essential nutrients to cells in those channels
compared to in the larger channels. Second, the distance from both the inlet and outlet wells
reaches a maximum near the locations of the small channels. Under static conditions, the delivery
of nutrients to the cells primarily occurs through diffusion. Since the excess medium is stored in
the inlet and outlet wells, diffusion of medium must occur over a long distance in order to reach
the small channels. This may also have led the cells to migrate towards the inlet and outlet wells,
although further experiments would be required to confirm this. Third, the presence of flow
throughout the device may encourage cell migration throughout the device, even into the smaller
channels. The restriction of physicochemical cues to encourage cell migration and proliferation

may have led to the occurrence of these gaps.
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Figure 4. Live-dead images. (A) Representative live-dead fluorescence images of cells in devices
under static conditions (left) and with flow (right). Images were taken at different positions (i-v)
within the channels. The endothelial cell layer grown in devices without flow appears to be patchy,
although cell viability is high. Images are representative of four devices evaluated for each
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condition (static or with flow). (B) Cell viability calculated for each flow condition. A shear of
0.67 Pa led to significantly higher cell viability than the no-shear condition. (C) Cell count per unit
area for each flow condition (left) and calculated cells per device (right). An increase in shear led
to a direct increase in cell count. Devices with flow had a higher cell count than static devices. (D)
Histograms of major axis length, minor axis length, and cell area calculated for cells grown under
each shear condition. Cell size parameters appeared to exhibit slight decreases with increases in
shear. ** indicates statistical significance with P < 0.05. For B-C, values are presented as an
average of measurements across four devices for each condition, with error bars representing
standard deviations. For D, histograms are calculated from all measurements of four devices for
each condition. Full details of all calculations are provided in the Methods section.

2.5. Cells aligned with the direction of flow.

When cell directionality was quantified (Figure 5), the cells grown under low shear and high shear
conditions were found to have an average directionality of approximately 80° to 90°, with 90°
directionality indicating the cells have aligned with the direction of shear, and consequently
vertically within the images. Cells grown under static conditions had an average directionality of
approximately 40° to 60°, indicating that the cells had not aligned with the direction of fluidic
flow. Previous studies on endothelial cell alignment with the direction of flow**** have primarily
focused on human umbilical vein endothelial cells, and the results obtained here with human

lymphatic endothelial cells confirm a similar behavior for the in vitro lymphatic endothelium.
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Figure 5. Cell alignment with shear flow. Red arrows indicate direction of flow. A directionality
of 90° indicates complete vertical alignment. Cells grown under low or high shear were more
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aligned than those grown under static conditions. ** indicates statistical significance with P
<0.025. Images are representative of four devices evaluated for each condition (static or with flow).
values are presented as an average of measurements across four devices for each condition, with
error bars representing standard deviations.

2.6. Static cultures had higher normalized TNF-a and IL-8 levels.

Medium was collected from the cell cultures daily, and ELISA assays were used to determine the
levels of TNF-a and IL-8 in the medium at days 2, 4, 6, 8, and 10 (Figure 6, Figure S2). Taking
into consideration the higher overall cell counts for devices with flow compared to static devices,
normalized cytokine expression was calculated by dividing the cytokine concentrations by the final
average cell count in each device (Figure 6A-B). This allowed us to isolate the effects of shear
from the effects of overall cell density on cytokine expression. The analysis determined that the
application of flow led to reduced production of IL-8 and TNF-a per endothelial cell. Using static
experiments with permeable membranes, it has previously been reported that high TNF-a levels

are related to high lymphatic vessel permeability*>*

, not unlike the disjointed endothelial cell
layer of cells grown under static conditions in our device. In addition, high TNF-a expression has
been linked to reduced contractility in mesenteric rat lymph nodes in vivo*’. In breast cancer
patients, lymph node metastases have been correlated with a higher expression of TNF-q, and a
correlation between TNF-a and IL-8 levels has also been demonstrated.'* Thus, our findings that
static conditions within fluidic channels led to higher TNF-a levels demonstrate that our device

provides a system that can be used to recapitulate the lymphatic vessel microenvironment in ways

that are physiologically relatable to in vivo physiological conditions.
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Figure 6. Cytokine expression over time. (A) TNF-a expression normalized by final cell count.
Cells grown under static conditions had higher expression. (B) IL-8 expression normalized by final
cell count. Cells grown under static conditions had higher expression. ** indicates statistical
significance with P <0.001. Values are presented as averages, with error bars representing standard
deviations across 8 devices (flow condition) or 7 devices (static condition).

3. CONCLUSION

We have grown primary human lymphatic endothelial cells for ten days under fluidic flow
conditions that mimic healthy and disease conditions in lymphatic vessels. Healthy conditions
were simulated by applying cyclical shear of 0.092 Pa (0.92 dyn/cm?) to the cells, mimicking the
natural pulsatile flow in lymphatic vessels. Disease conditions were simulated by either removing
all flow from the culture, or by applying cyclical high shear (0.67 Pa, 6.7 dyn/cm?) to the cultures.
Cells grown under both shear conditions formed uniform endothelial cell layers where cells
developed adherens junctions and aligned with the direction of shear. Cells grown in devices under
static conditions (no flow) were formed only disjointed endothelial cell layers. Cells grown under
high shear had higher viability than those grown in static conditions, although viability was high

(>80%) in all cases. The cell count per unit area increased with the application of shear flow,
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indicating that higher shear promotes cell proliferation. Static conditions led to higher TNF-a and
IL-8 levels per cell, which aligns with previous reports of the effects of lymphatic flow on cytokine
expression. Overall, our study demonstrates that the developed microfluidic device can model
lymphatic vessel behaviour in both healthy and diseased states. Although there are previous reports
of microfluidic lymphatic models**°, to the best of our knowledge, this is the first pumpless
microfluidic model of lymphatic vessels, as well as the first microfluidic model that evaluates the
effects of healthy and diseased flow conditions on primary human lymphatic endothelial cells. The
developed device and rotating platform provide a versatile in vitro system for evaluation of
lymphatic behavior under physiological shear flows. In future experiments, this device can be
utilized to evaluate the interactions between cancer cells, T cells, or dendritic cells, and the
lymphatic endothelial cells that line lymphatic vessels. One specific application can include the
tracking of cancer cell and immune cell migration along the lymphatic vessels in order to evaluate
the effects of shear flow on the rate of migration and cell viability. The migration behavior of naive
and activated T cells can also be compared. Furthermore, the application of this device design does
not have to be restricted to modeling the lymphatic system. The robust device design and
inexpensive 3D-printed rotating platform can be utilized for the evaluation of the effects of shear

flow on any kind of primary cell or cell line that is expected to respond to flow.

4. MATERIALS AND METHODS
Materials: Devices were fabricated using polydimethylsiloxane (PDMS) (Sylgard 184)

with a 10:1 base to curing agent mix ratio. Primary human lymphatic endothelial cells, endothelial
cell medium, supplements, and Trypsin Neutralization solution were purchased from ScienCell
Research Laboratories. Normocin was purchased from InvivoGen. The mold for device fabrication

was generated in 3D drawing software and exported in a file format for 3D-printing. Molds were
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3D-printed by Protolabs using WaterShed XC 11122 High-Resolution Stereolithography printed
in 0.002" layers with a natural finish. Fibronectin was purchased from Sigma-Aldrich. ELISA
assays for IL-8 (detection range of 1 pg/ml - 600 pg/ml, sensitivity of 1 pg/ml) and TNF-a
(detection range of 30 pg/ml - 6000 pg/ml, sensitivity of 30 pg/mL) were purchased from
RayBiotech. 200-uL pipette tips used for well inlets/outlets were purchased from VWR (product
10017-098). LIVE/DEAD Cell Imaging kits, CD31 (PECAM-1) Monoclonal Antibody (Gil8),
and Rabbit anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 were
purchased from ThermoFisher Scientific. Any mention of commercial products is for information

only; it does not imply recommendation or endorsement by NIST.

Cell Culture: HLECs were cultured in Endothelial Cell Medium completed with fetal
bovine serum, endothelial cell growth supplement, and penicillin/streptomycin as recommended
by the manufacturer. Medium was additionally supplemented with Normocin at a concentration of
0.1 mg/mL. For all experiments, medium was warmed to room temperature, per manufacturer
guidelines, prior to addition to cells. Prior to culture, flasks were coated overnight with 2 pg/cm?
fibronectin. Cells were cultured in an incubator at 37 °C with a volume fraction of 5 % CO2. For
cell passaging, 5 mL Dulbecco’s Phosphate Buffered Saline (DPBS) was used to rinse each T-25
flask, after which the DPBS was replaced with 1 mL of 0.25 % volume fraction trypsin, and cells
were placed in the incubator for 2 min to 3 min. The trypsin was then neutralized with 1 mL trypsin
neutralization solution, and cells were transferred to a centrifuge tube containing 5 mL fetal bovine
serum (FBS). Cells were centrifuged at 6283 radians/min (1000 rpm) for 5 min and were

resuspended in fresh medium. Each flask was split into 3 flasks during passaging.

Device Fabrication: 3D-printed mold was first taped down to a large petri dish (diameter=

14 cm). This dish was completely filled with PDMS and then cured. After curing, a 5.5 cm by 7
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cm cut was used to remove the PDMS from the part of the mold containing the channel features.

This prepared mold was then used for device fabrication.

For the first layer, 15 g of PDMS were added to the mold and allowed to cure at 80°C for
22 min to 25 min. To achieve the hemispherical wells in the second layer, marbles (diameter=2.54
cm) were taped onto the regions in which the hemispherical indentation was desired. 25 g PDMS
were then added to the mold, and cured for 35 min. The combined first and second layer of the
device was then removed from the mold, and a 1 mm biopsy punch was used to punch one hole
for each inlet/outlet (two holes total per hemispherical well). In order to keep the holes open, the

tips of 200 pL pipette tips were cut to size and inserted into the 1 mm holes.

The thin bottom layer of the device was formed by partially curing 5 grams of PDMS in a
5.5 cm by 7 cm section of a 100 mm diameter petri dish. Devices were assembled immediately,
and the edges of the interface between the first and third layers of the device were sealed using
PDMS. To accomplish this, a toothpick was used to apply uncured PDMS around the outer edges
of the device, specifically where the first and third layers of the device met. The uncured PDMS
distributed itself between the already cured PDMS layers via capillary action and was then cured.
This created a strong seal between the layers and prevented leakage out of the device. Cured

devices were sterilized in an autoclave and cooled prior to use.
Device Preparation for Cell Seeding:

Channel Priming. Autoclaved devices were used for all experiments. Devices were
transferred to a biosafety cabinet and placed in individual sterile petri dishes. Devices were kept
flat and 1 mL ethanol solution with a volume fraction of 70 % was pipetted into one of the
hemispherical wells for each device. The ethanol was allowed to wick into the channels, after

which 1 mL of ethanol solution with a volume fraction of 70 % was added to the other
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hemispherical well for each device and allowed to wick into the channels. The wells and petri dish
were then completely filled with ethanol solution with a volume fraction of 70 %. Devices were

incubated at room temperature for 1 h.

Fibronectin Coating. Devices were then transferred to fresh sterile petri dishes, and the
ethanol solution with a volume fraction of 70 % was replaced with DPBS three times on each side
of each device while the device was tilted, after which 1 mL of diluted fibronectin solution (150
pL fibronectin, 5 mL DPBS) was added to each side of the channel and the outflowing liquid was
discarded. Devices were then laid flat, their wells were filled with DPBS, and were placed in the
incubator overnight. Two small segments of wet sterilized sponges were placed beside the device
within each petri dish prior to device incubation. These sponges assisted in maintaining humidity
to prevent solution evaporation, and were replaced every other day throughout long-term culture

experiments.

Cell Seeding: Cells in passages 3 to 6 were used for all experiments in devices. Cells were
allowed to grow to cover a fractional surface area of 90 % to 100 % (90 % to 100 % confluency),
and were trypsinized and spun down as previously described. Each T-25 flask was resuspended in
4 mL of cell culture medium, and used for seeding one device. After overnight incubation with
fibronectin, the liquid within each side of the device was replaced three times with cell culture
medium while the device was tilted to allow for flow. Each side of each device was then seeded
with 2 mL of the cell suspension, with the well output being saved and added back into the wells
after the device was laid flat. Devices were then incubated for 2 h to allow HLECs to adhere to the
channel surface. Following this, medium on each side of the device was replaced twice with fresh
medium while the device was tilted. Devices were then placed horizontally, and medium in the

wells were replaced with a total of 800 pL medium per device. For experiments, devices were
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either placed horizontally in the incubator (no-flow condition) or at an angle of 45° on the rotating

platform (with-flow condition).
Long-term Culture of Cells in Devices:

Flow Experiments. The rotating platform angle was initially adjusted to 0°, and devices
were stacked on the platform rotor, after which they were secured in place using 3D-printed
fasteners built into the platform. Up to two devices at a time were placed on each platform.
Platform rotation was started, and platform angle was then gently adjusted to 45°. Rotating
platforms were then placed in the incubator. Experiments were conducted for 10 days, with
medium collected each day and replaced with 800 pL fresh medium. Medium was stored frozen

for use in ELISA assays.

No-flow Experiments. Experiments were conducted for 10 days, with medium collected
each day and replaced with 800 puL fresh medium. Devices were tilted and medium was allowed
to flow through the channels at least two times for each side of the device prior to medium
collection. This procedure ensured that collected medium was well-mixed and that cytokines
produced over the past day were evenly distributed within the device and collected medium.
Similarly, after the addition of fresh medium each day, devices were tilted and medium was
allowed to flow through the channels at least two times for each side of the device. This procedure
ensured that the cells within channels had access to fresh medium and would not starve in nutrient-

depleted medium. Media was stored frozen for use in ELISA assays.

Cell Viability Experiments. After 10 days of culture, live-dead fluorescent staining was
conducted on 4 devices each for the flow and no-flow conditions. Culture medium was removed
while devices were laid flat. Live and dead dye kit components were mixed and diluted in a 1:1

ratio with fresh culture medium, and added to devices while devices were tilted to allow for flow.
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After devices were laid flat, 1 mL of dye-medium solution was added to each side of each device,
and devices were then incubated in the dark at room temperature for 15 min to 20 min. The dye-

medium solution was then replaced with DPBS for fluorescence microscopy.

The number of live and dead cells were quantified in ImageJ using the “Find Maxima”
Process, and the cell viability was defined by the following equation:

number of live cells

% Viability = ( ) x 100% @)

number of live cells+number of dead cells

Analysis for Devices with Flow. To determine the viability under high-shear conditions, 3
images (top, middle, and bottom) were collected for each small channel (12 images per device).
The number of live cells and number of dead cells were summed across all 12 images for each
device. 4 devices were used for this analysis, with averages and standard deviations calculated for

these 4 devices.

To determine the viability under low-shear conditions, on each side of each device one
image was taken in the portion of the large channel before the small channels, and one was taken
in the portion of the large channel after the small channels (4 images per device). The number of
live cells and number of dead cells were summed across all 4 images for each device. 4 devices

were used for this analysis, with averages and standard deviations calculated for these 4 devices.

Analysis for Devices without Flow. To determine the viability under no-flow conditions, 3
images (top, middle, and bottom) were acquired for each small channel (12 images per device),
and 2 images were collected for each large channel (4 images per device). The number of live cells
and number of dead cells were summed separately for the small channels and large channels in
each device. The cell viability for the devices without flow was weighted based on the percentage

of total channel area that was within each part of the device. This was done to prevent biasing of
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the results towards cell behaviour in the smaller channels, as those channels represented a smaller
percentage of the total channel but a larger number of images taken. The smaller channels
represented a 13.2 % fraction of total channel area, while the larger channels represented a 86.8 %
fraction of total channel area. Thus, the viability of the cells in the small channels and large
channels were weighted to 13.2 % and 86.8 % of the viability for each device respectively. 4
devices were used for this analysis, with averages and standard deviations calculated for these 4

devices.

Immunostaining:

After 10 days of culture, cells were fixed and permeabilized, and were stained for

PECAM/CD?31 cell surface markers, with NucBlue used as the nuclear counterstain.

Fixation and Permeabilization. Cell fixation was conducted in multiple steps. Cells were
first rinsed with DPBS 3 times. This was then replaced with 4 % by volume paraformaldehyde
three times on each side of each device, and cells were fixed in this solution for 10 min. This was
then replaced three times on each side of the device with 1 % by volume BSA in DPBS and cells
were kept in this solution for 10 min. This solution was then replaced three times on each side of
each device with 0.5 % by volume Triton-X solution, and cells were kept in this solution for 10
min. This was again replaced three times with 1 % by volume BSA in DPBS and cells were kept
in this solution for 10 min. The wells were then filled with DPBS and devices were stored in the

fridge until antibody staining was conducted.

Antibody Stain and Nuclear Counterstain. Prior to staining, devices with fixed and

permeabilized cells were taken apart using a scalpel to separate the backing layer of PDMS from
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the top two layers of PDMS. Samples were then incubated with a solution of 98 uL 1% BSA in
DPBS, 2 pL primary antibody for approximately one hour while protected from light. After this,
samples were washed three times with 1% BSA in DPBS. Samples were then incubated with a
solution of 95 uL 1% BSA in DPBS, 5 pL secondary antibody for approximately one hour while
protected from light, followed by washing three times with 1% BSA in DPBS. NucBlue was
diluted at a concentration of two drops per mL in 1% BSA solution, and applied to the samples for
15-20 minutes while protected from light. Samples were then imaged on an inverted fluorescence

microscope using the appropriate filters.

Determination of Cell Count:

Cell count per unit area. Final cell count after 10 days of culture in the devices was
calculated using the live-dead fluorescence images acquired for cell viability experiments. Cell
count in each image was defined as the number of live cells per image divided by the area of each
image. For the cell count in devices without flow, the cell count was weighted with the percentage

of total channel area that was within each part of the device (small channels vs. large channels).

Number of cells per device. The number of cells per device were calculated by multiplying
the cell count per unit area for each device by the total channel area for the device. For comparison
of flow and no-flow conditions, the cell count per unit area for the devices with flow was weighted
by the percentage of total channel area that was within each part of the device (small channels vs.

large channels).

Determination of Cell Area and Morphology. CellProfiler was utilized to determine the
major axis length, minor axis length, and average area occupied by cells under the no-flow, low-
shear, and high shear conditions. A modification of the “Human Cells” pipeline was used for this

analysis, with a minimum diameter of 20 pixels and maximum diameter of 200 pixels. Average
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values were computed for each device, and averages were taken across four devices of each type

(flow, no flow). Values were weighted as described above.

Determination of Cell Directionality: Cell directionality analysis was conducted on the
same fluorescence images acquired during live-dead cell staining. Cell directionality was
determined in Imagel using the Directionality function with Fourier components and 90 bins
following previous reports®®. The average cell directionality within each device was computed by
averaging the directionality values from the images for each device. Values were weighted as

described above.

ELISA Assays: ELISA assays were conducted on medium collected 2, 4, 6, 8, and 10 days
into the long-term device culture experiments using standard ELISA kit protocols. For IL-8
measurements, medium was diluted 1:1 with the provided assay diluent, and final IL-8
concentration was calculated with this dilution factor taken into consideration. This was done to
avoid saturation of results due to the concentration of IL-8 in the samples exceeding the limit of
detection. A total of 150 pL culture medium was used in ELISA assays for each device. A sample
size of 8 devices for the flow condition and 7 devices for the no-flow condition were used. To
calculate the normalized cytokine expression, ELISA values for each condition (with flow, without

flow) were divided by the average calculated cell count per device for each condition.

Quantification of Average Device Flowrate: To calculate the average volumetric flowrate
in devices, videos of two devices were acquired when the devices were placed on an inclination of
45°. Since the flow characteristics of the two sides of each device are independent from each other,
this enabled the evaluation of flow characteristics for n=4 sets of channels. Device channels were
primed with ethanol, which was then replaced with cell culture medium. Once all channels were

completely filled with medium, all medium within the inlet and outlet wells was removed.
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Afterwards, 800 puL of medium was added to one inlet well for each device. Two to three videos
were recorded for each side of each device. From the videos, the time for the complete 800 puL of
medium to travel from the inlet well to the outlet well were determined. The average flowrate
[uL/s] was then determined by dividing the medium volume by the travel time. The values were
then converted to mL/min, and an average for each side of each device was calculated from all
videos collected for that side of the device. The average and standard deviation were then
calculated across all four samples. To determine the flowrate in the smaller channels, the principle
of conservation of volume was used. Since flow into the channels must be equivalent to flow out
of the channels, the combined flow in the small channels must be equivalent to the flow entering
and exiting the device. Thus, each of the small channels can be assumed to have a volumetric

flowrate equivalent to half of the total volumetric flowrate of the device.

Statistical Analysis: Statistical significance was determined using Student’s t-tests
assuming unequal variances. For cases in which more than one comparison was made, the

Bonferroni correction was utilized to determine actual significance.

Supporting Information.
The following files are available free of charge.
Video of Unidirectional flow in device (MP4)

Images depicting unidirectional flow in device, graphs of non-normalized cytokine expression
(PDF)
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